Maternal overweight and obesity in pregnancy often result in fetal overgrowth, which increases the risk for the baby to develop metabolic syndrome later in life. However, the mechanisms underlying fetal overgrowth are not established. We developed a mouse model and hypothesized that a maternal high-fat (HF) diet causes up-regulation of placental nutrient transport, resulting in fetal overgrowth. C57BL/6J female mice were fed a control (11% energy from fat) or HF (32% energy from fat) diet for 8 wk before mating and throughout gestation and were studied at embryonic day 18.5. The HF diet increased maternal adiposity, as assessed by fat pad weight, and circulating maternal leptin, decreased serum adiponectin concentrations, and caused a marked increase in fetal growth (؉43%). The HF diet also increased transplacental transport of glucose (5-fold) and neutral amino acids (10-fold) in vivo. In microvillous plasma membranes (MVMs) isolated from placentas of HF-fed animals, protein expression of glucose transporter 1 (GLUT1) was increased 5-fold, and protein expression of sodium-coupled neutral amino acid transporter (SNAT) 2 was elevated 9-fold. In contrast, MVM protein expression of GLUT 3 or SNAT4 was unaltered. These data suggest that up-regulation of specific placental nutrient transporter isoforms constitute a mechanism linking maternal highfat diet and obesity to fetal overgrowth. 
Fetal overgrowth results in the birth of a largefor-gestational age (LGA) baby, which is typically defined as birth weight Ͼ 90th centile and occurs in ϳ10% of all pregnancies (1) 
LGA babies have an increased risk of developing obesity and metabolic syndrome in childhood and adolescence (2, 3) , thereby contributing to the increased incidence of diabetes (4) currently seen worldwide. Although an association between obesity in pregnancy and intrauterine growth restriction has been reported in a few studies (5) , the typical outcome with respect to fetal growth in pregnancies of overweight and obese women is fetal overgrowth (6 -8) Indeed, women with increased body mass index (BMI) are 2-3 times more likely to give birth to a large baby (9) , which represents a significant medical problem, considering that Ͼ50% of all American women enter pregnancy overweight (BMI 25-29.9 kg/m 2 ) or obese (BMIՆ30 kg/m 2 ) (9). Maternal dietary energy intake, including total fat intake, is elevated in overweight and obese pregnant women in both the first and third trimesters (10) . Thus, a "vicious cycle" is created, with overweight and obese women consuming a diet rich in energy, fat, and carbohydrates and giving birth to large babies. These babies are more likely to develop obesity and diabetes later in life and, in the case of females, are prone to deliver a large baby when they become pregnant (7, 8, 11) . Measures to alleviate fetal overgrowth in these women represent an early intervention strategy that could contribute to a decrease in the prevalence of obesity and diabetes in future generations. However, a lack of appropriate animal models to study the mechanisms underlying fetal overgrowth in these pregnancies has hampered advances in this area.
Fetal growth is strongly influenced by nutrient supply, which is dependent on placental transport functions. Placental nutrient transporter activity is known to be altered in cases of abnormal fetal growth, and these changes may contribute directly to the changes in fetal growth rate (12, 13) . Fetal overgrowth in pregnancies complicated by type 1 diabetes (14) but not by gestational diabetes mellitus (GDM) (15) is associated with increased placental glucose transporter activity and protein expression. The capacity of the placenta to transport the essential amino acid leucine is increased in GDM complicated by fetal overgrowth (16) and placental system A amino acid transporter activity was reported to be increased in both type 1 diabetes and GDM (16) . In contrast to these findings, a previous study indicated that system A activity is reduced and the activity of system L is unaltered in microvillous plasma membrane (MVM) vesicles isolated from type 1 diabetic pregnancies with LGA babies (17) . However, no data are currently available with respect to placental transport function in pregnancies associated with increased maternal BMI.
Compared with women with normal BMI, overweight and obese women have increased serum concentrations of insulin, interleukin-6 (IL-6), and leptin and lower adiponectin levels in the third trimester (10, 18, 19) , and many of these metabolic alterations are already present in the first trimester (10) . Previous studies have demonstrated that leptin and insulin stimulate the activity of the system A amino acid transporter in primary villous fragments and cultured trophoblast cells (20, 21) . Similarly, placental glucose transporters in primary villous fragments obtained in early pregnancy have been shown to be up-regulated in vitro by insulin (22) . Therefore, the alterations in the maternal levels of these regulatory factors in overweight and obese pregnant women may influence the placental nutrient transport pathways and increase nutrient supply to the developing fetus.
There are few, if any, published animal models of obesity in pregnancy that display the key features of the human condition, i.e., increased maternal adiposity without diabetes, increased levels of maternal metabolic hormones, low adiponectin, and fetal overgrowth. Therefore, the aim of this study was to develop a mouse model fed a moderately high-fat diet before and throughout gestation, resulting in fetal overgrowth and associated with a maternal environment reflective of that found in the pregnant woman with increased BMI. Once established, we used the model to test the hypothesis that the mechanisms underlying fetal overgrowth involved increased placental nutrient transport.
MATERIALS AND METHODS

Animals and diets
All protocols were approved by the Institutional Animal Care and Use Committee at the University of Cincinnati. Eightweek-old female C57/BL6 mice (The Jackson Laboratory, Bar Harbor, ME, USA) were housed 4/cage in PIV barrier housing and fed ad libitum with a high-fat (HF) diet (32% energy from fat, 52% from carbohydrate, and 16% from protein; catalog no. D12266B) or control (C) diet (11% energy from fat, 73% from carbohydrate, and 16% from protein; catalog no. D12489B) for 8 wk. Diets were purchased from Research Diets (New Brunswick, NJ, USA). Daily food intake was estimated by weighing remaining food at the end of each week and was used to calculate daily caloric intake. After 8 wk of feeding with these diets, mice were weighed and mated. Females were checked daily for postcopulatory plugs. The presence of a plug represented embryonic day (E) 0.5. At E18.5, dams were weighed and then used either for collection of blood and tissue samples, glucose tolerance tests, or in vivo placental transport studies.
Collection of blood and tissue samples
Dams were sacrificed at E18.5, and maternal blood was collected by cardiac puncture, allowed to clot, and spun at 4000 rpm to collect serum and red blood cell pellets. After laparotomy, fetuses and placentas were removed and weighed, and placentas in each litter were pooled. Approximately 0.5 g of pooled placental tissue was washed in saline and transferred to 3 ml of buffer D [250 mM sucrose, 10 mM Hepes-Tris, and 1 mM EDTA (pH 7.4) at 4°C], protease inhibitor cocktail (Sigma-Aldrich Corp., St. Louis, MO, USA) was added at a dilution of 1:1000, and the mixture was homogenized using a Polytron homogenizer (Kinematica, Bohemia, NY, USA). Homogenates were used for isolation of trophoblast MVMs, as described below, or snap-frozen for subsequent analysis. In a subset of dams, the inguinal, parametrial, mesometrial, and retroperitoneal fad pads were dissected and weighed to assess maternal adiposity. Maternal serum analyses of adiponectin (Alpco Diagnostics, Salem, NH, USA), IL-6, and tumor necrosis factor-␣ (TNF-␣) (R&D Systems Inc., Minneapolis, MN, USA) were performed using commercially available ELISA kits. Glycated hemoglobin (HbA 1c ) levels were determined in lysed red blood cell samples using the Helena Glyco-Tek Affinity column standard method (Helena Laboratories, Beaumont, TX, USA). Maternal serum was analyzed for leptin, insulin, and lipid profile, and packed red blood cell samples were analyzed for lipid composition by the Mouse Metabolic Phenotyping Center at the University of Cincinnati.
Isolation of trophoblast MVMs
The protocol for isolating trophoblast MVMs from mouse placenta was adapted from that used previously in human placenta (16) . All procedures were performed on ice and centrifugation steps were performed at 4°C. Homogenates were centrifuged at 10,000 g for 15 min; pellets were resuspended, rehomogenized in 1 ml of buffer D, and centrifuged at 10,000 g for 10 min. The resulting supernatants were combined and spun at 125,000 g for 30 min. The pelleted crude membrane fraction was resuspended in 2 ml of buffer D, and 12 mM MgCl 2 was added. The suspension was stirred for 20 min on ice. After centrifugation at 2500 g for 10 min, the supernatant was centrifuged at 125,000 g for 30 min. The final pellet was resuspended in buffer D to give a protein concentration of ϳ10 mg/ml. MVM purity was assessed by MVM/homogenate enrichments of alkaline phosphatase (23) and was found to be 13 Ϯ 1.49-fold (nϭ16).
Western blot
Protein expression of the system A transporter isoforms sodiumcoupled neutral amino acid transporter (SNAT) 2 and SNAT4 and the glucose transporter isoform GLUT1 was analyzed in placental MVMs using Western blotting. Expression of GLUT3 was analyzed in placental homogenates. A polyclonal SNAT2 antibody was generated in rabbits (24) and validated for immunoblotting in rat placental homogenate (13) . Affinity-purified polyclonal anti-SNAT4 antibodies were generated against the peptide sequence YGEVEDELLHAYSKV in rabbits (Eurogentec, Seraing, Belgium). GLUT1 and GLUT 3 antibodies were purchased from Millipore (Temecula, CA, USA), and anti-␤-actin was from Sigma-Aldrich Corp. Protein concentrations were determined by Bradford assay, and Western blotting was performed. In brief, 15 g of total protein was loaded onto a 10% SDS-PAGE gel, and electrophoresis was performed at a constant 100 V for 2 h. Proteins were transferred onto nitrocellulose membranes overnight at a constant 30 V. Membranes were incubated with primary antibodies overnight (SNAT2, 1:1000) or for 1 h at room temperature (GLUT1, GLUT3, and ␤-actin, 1:5000; SNAT4, 1:2000), washed, and incubated with the appropriate secondary peroxidase-labeled immunoglobulin G (IgG; 1:1000 -1:5000) for 1 h. After washing, bands were visualized using enhanced chemiluminescence (ECL) detection reagents (GE Healthcare, Chalfont St. Giles, UK). Blots were stripped and reprobed for ␤-actin as a loading control. Analysis of the blots was performed by densitometry using an Alpha Imager (Alpha Innotech Corporation, San Leandro, CA, USA).
Glucose tolerance test
Glucose tolerance tests were performed in a subset of mice on E18.5 after a 6-h fast. Conscious unrestrained mice were injected i.p. with glucose (2 g/kg body weight), and blood was sampled in triplicate from the tail vein at 0, 15, 30, 60, and 90 min after the glucose load. Blood was obtained by amputation of the tip of the tail at time zero and by removal of wound crust at subsequent time points. Blood glucose was measured immediately using a Freestyle glucometer (Abbott Laboratories, Abbott Park, IL, USA).
In vivo placental transport studies
At E18.5 dams were anesthetized using Ketaset (Fort Dodge Animal Health, Fort Dodge, IA, USA) plus inactin (SigmaAldrich Corp.), a neck incision was made, and the jugular vein was identified and catheterized. A bolus of two radiolabeled tracers (50 Ci/kg [ 14 C]methylaminoisobutyric acid (MeAIB) and 250 Ci/kg [ 3 H]methylglucose; Perkin Elmer, Waltham, MA, USA) was injected into the jugular vein. After 3 min, the dam was sacrificed using an overdose of inactin, a sample of maternal arterial blood was obtained by cardiac puncture, laparotomy was performed, and fetuses were killed by decapitation. Fetuses and placentas were removed, weighed, and solubilized for 4 h in Biosol (National Diagnostics, Atlanta, GA, USA). Radioactivity in maternal plasma and solubilized placentas and fetuses was determined by beta counting. The maternofetal unidirectional clearance (K mf ; l⅐min Ϫ1 ⅐g Ϫ1 ) for each tracer was calculated as follows:
where N x is counts in the fetus taken at time x when the mother was killed (dpm), AUC 0 -x is the area under the maternal isotope concentration curve from time 0 to time of sacrificing the mother (dpm⅐min⅐l Ϫ1 ) (25) , and W is the wet weight of the placenta (g).
Data presentation and statistics
Data are presented as means Ϯ se. For fetal and placental data, a mean for each litter was calculated, and this litter mean was used in subsequent statistical analysis. Thus, n represents the number of litters. Statistical significance of differences between the C and HF groups was assessed using an unpaired Student's t test. Pearson correlations were used for multivariate analysis. P Ͻ 0.05 was considered significant.
RESULTS
There were no statistically significant differences in maternal weight at the time of mating (data not shown). Mice fed the HF diet had a higher daily calorie intake than those fed the C diet ( Table 1) . At E18.5, HF-fed dams were 12% heavier than dams fed the C diet; however, there was no difference in maternal weight after removal of fetuses by cesarean section ( Table 1 ). The total weight of the maternal fat pads was increased by 7% in animals fed the HF diet (Table 1) . At E18.5 maternal adiponectin levels were reduced by 35% in HF-fed dams, and leptin levels were significantly increased by Ͼ80% in the animals fed the HF diet (Table 1) . No differences were seen in maternal levels of IL-6 (Table 1) , and TNF-␣ levels were below the level of detection in all animals. Maternal HbA 1c (Table 1) and fasting blood glucose (Fig. 1) were similar in the two groups, indicating that HF-fed animals did not develop diabetes. Maternal nonfasting insulin levels on E18.5 were similar in the two diet groups ( Table 1) . The blood glucose response to an intraperitoneal glucose load was similar in the control and HF-fed dams (Fig. 1) .
Maternal lipid status was studied in both serum and red blood cells. HF-fed dams had 44% higher serum triglyceride levels and 19% lower serum concentrations of nonesterified fatty acids than dams fed the C diet but similar cholesterol levels ( Table 2) . Despite no change in total serum lipid levels, the relative percentages of stearic, oleic, and linoleic acids in red blood cells were altered in HF-fed dams (Table 2) . Total n-6 content was also significantly reduced (PϽ0.05, nϭ6) in the animals fed the HF diet (33.8Ϯ0.48%) compared with those fed the C diet (37.3Ϯ0.42%).
Fetal growth was markedly stimulated in response to the HF diet, resulting in 43% higher fetal weights at E18.5 in the HF-fed group than in the control group ( Fig. 2A) . There was no significant difference in average litter size between the HF (8.2Ϯ0.7) and C groups (8.3Ϯ1.1), resulting in an increase in total litter weight in the HF-fed dams (Fig. 2B) . Placental growth was not affected by the HF diet (Fig. 2C) . There was no significant correlation between maternal weight after cesarean section and fetal weight in either the C or HF groups (data not shown).
In vivo transport studies demonstrated marked in- (Fig. 3) . The unidirectional maternofetal clearance of [ (Figs. 4 and 5) . In addition, SNAT2 protein expression was significantly increased (9-fold) in MVMs from animals fed the HF diet (Figs. 4  and 5 ). In contrast, MVM protein expression of SNAT4 was unaffected by the HF diet (Fig. 4) . GLUT3 expression was measured in total placental homogenate; however, no difference was found between the two diet groups (Fig. 5) .
DISCUSSION
Maternal overweight and obesity in pregnancy often results in fetal overgrowth, which increases the risk of the baby developing metabolic syndrome later in life. The mechanisms underlying fetal overgrowth in overweight or obese pregnant women without diabetes are unknown, and the lack of relevant animal models has hampered progress in this area. We describe a novel mouse model in which a moderately HF diet results in increased maternal adiposity, normal glucose tolerance, elevated maternal serum leptin and triglycerides, decreased serum adiponectin concentrations, and a marked increase in fetal growth. The most significant novel finding in this study is that a HF diet resulted in markedly increased placental transport of glucose and neutral amino acids, mediated by an up-regulation of the protein expression of specific nutrient transporter isoforms in the placental barrier. We propose that the increase in placental transfer of nutrients constitutes one of the mechanisms underlying fetal overgrowth in pregnancies complicated by increased dietary fat intake and/or overweight or obesity.
There are a number of reports in the literature describing animal models of overnutrition in pregnancy, but in most cases these interventions have not resulted in fetal overgrowth. In the sheep, increased maternal nutrition in late gestation has been shown to alter the appetite-regulating network in the fetal brain (26) and the gene expression of adiponectin and leptin in fetal adipose tissue (27) . However, this overnutrition model does not result in fetal overgrowth (26) , and maternal metabolism and adiposity in response to overnutrition were not investigated (26, 27) . Offspring of pregnant rats fed a diet with a HF or increased cholesterol content developed abnormal glucose metabolism (28, 29) and serum lipid profiles (28, 30) and increased leptin (29) and adiposity (28, 31) . Pregnant rats fed a cafeteria-style diet have increased adiposity and develop GDM (32) . In the study by Srinivasan et al. (33) pregnant rats fed a HF diet were obese and developed diabetes and their offspring developed metabolic syndrome after birth; however, fetal weights did not differ between diet groups.
Mouse models with moderate to pronounced obesity have been developed and include leptin (34) and leptin receptor (35, 36) knockouts and those with adipose tissue-specific overexpression of 11␤-hydroxysteroid dehydrogenase type 1 (37) . These models are of limited use for the study of obesity in pregnancy as they are associated with infertility and/or diabetes. Female C57BL/6J mice fed a HF diet (60% of caloric intake as fat) before pregnancy developed obesity, and their offspring developed obesity and type 2 diabetes (38). However, no information was provided on fetal growth, and mothers were fed a control diet throughout the periconceptual and gestational periods, resulting in significant weight loss. Samuelsson et al. (39) demonstrated that the offspring of mice fed a high-fat and high-sugar diet developed cardiovascular and metabolic dysfunction and adult adiposity. Although the maternal metabolic environment in this model resembled the human condition, including increased leptin and insulin levels, fetal overgrowth was not reported (39) . Han et al. (40) demonstrated that dams with the agouti yellow modification were moderately obese in pregnancy but did not develop overt diabetes and gave birth to larger pups, but the study did not address placental involvement.
In the current study, mice fed a moderately high-fat diet had increased adiposity but did not develop diabetes as evidenced by normal HbA 1c values, fasting blood glucose, and glucose tolerance test results. Maternal serum concentrations of leptin and triglycerides were increased, and adiponectin levels were decreased in response to a HF diet, resembling the metabolic profile in overweight and obese subjects in both the nonpregnant and pregnant states (3, 41) . Furthermore, in response to the HF diet, fetal growth was increased in our mouse model similar to the fetal overgrowth typically associated with overweight and obesity in pregnant women (9) . However, dams fed the HF diet in our study were not obese and nonfasting insulin was not elevated, indicating that any insulin resistance present in the HF-fed animals was unlikely to be pronounced. Furthermore, HF-fed mice had an increased intake of fat but not of carbohydrates or total energy. This result is in contrast to findings in overweight and obese pregnant women, who typically have elevated fasting insulin (3) and increased intake of fat, carbohydrates, and total energy (10). The mouse model described in this report therefore provides the opportunity to explore the effect of a HF diet per se on maternal hormones, placental nutrient transport, and fetal growth, without the influence of overt obesity, insulin resistance, or increased intake of total energy and carbohydrates. We found that a diet rich in fat had profound effects on maternal serum triglyceride, leptin, and adiponectin levels and caused a marked up-regulation of placental nutrient transporters, resulting in fetal overgrowth. It remains to be established whether the fat content in the diet is also of particular importance for fetal overgrowth in overweight and obese pregnant women. If this is the case, it may be speculated that a change in dietary composition in these women may be effective in alleviating fetal overgrowth.
As expected for animals fed a HF diet, maternal serum triglyceride levels were significantly increased. Increases in erythrocyte membrane linoleic acid content is reflective of the increase in linoleic acid content of the HF compared with the C diet, and this measure Figure 2 . Fetal, placental, and total litter weights at E18.5. Values are means Ϯ se. C and HF diets were given to female mice 8 wk before and throughout gestation. P Ͻ 0.05 was considered significant; unpaired Student's t test; n Ն 18 litters/diet. has been previously used as a marker of dietary intake of linoleic acid (42) . Studies suggested that the fatty acid composition of the erythrocyte, specifically the arachidonic component and the total n-6 acid component, is inversely related to fasting serum insulin levels and therefore indicative of insulin resistance (43) . In our study, total n-6 fatty acid erythrocyte levels were slightly reduced in HF-fed dams. This finding is compatible with relatively normal insulin sensitivity in our model. Despite increased dietary intake of oleic acid in HF-fed dams, erythrocyte membrane oleic acid content was decreased. The underlying mechanisms for this change and the decreased serum nonesterified fatty acid levels in our HF diet animals remain to be established; however, it may suggest increased utilization of maternal stores to supply the fetus.
Babies of women with increased BMI are often large at birth (3, 4, 8) . The mechanisms underlying fetal overgrowth in response to increased maternal adiposity and high dietary fat intake have not previously been investigated, and this is the first study to identify increased placental nutrient transport as one such mechanism. In addition, we show that these changes in our animal model are likely to be due to increased protein expression of system A amino acid and glucose transporter isoforms in the placental barrier. Our data do not unequivocally demonstrate that the up-regulated placental nutrient transport is the cause of fetal overgrowth, because the possibility that these changes are due to the increased fetal growth rate cannot be excluded. Further studies are required to address this question definitely. However, we recently provided evidence that in maternal protein deprivation in the rat, a model of intrauterine growth restriction and fetal programming, placental transport changes occurred before reductions in fetal size (13) . These findings are compatible with the hypothesis that placental transport changes are a cause, rather than a consequence, of altered fetal growth.
The increase in placental nutrient transport and fetal growth in response to a HF diet in our mouse model is reminiscent of our previous reports in pregnant women in which fetal overgrowth in women with type 1 diabetes was associated with increased glucose transporter activity and GLUT 1 expression (13) and increased system A amino acid transporter activity in isolated syncytiotrophoblast plasma membranes (16) . To identify transporter isoforms responsible for the increased placental nutrient transport we studied the protein expression of transporters for glucose and neutral amino acids. In the mouse GLUT1 (SLC2A1) and GLUT3 (SLC2A3) are the primary glucose transporter isoforms expressed in the labyrinthine zone, which represents the part of the placenta where maternal-fetal nutrient transfer occurs (44) , providing the rationale for studying GLUT1 and GLUT3 protein expression. System A amino acid transport is mediated by the three isoforms, SNAT1 (SLC38A1), SNAT2 (SLC38A2), and SNAT4 (SLC38A4), which are all expressed in human (45) and rodent placenta (46) . However, we limited our protein expression studies to SNAT2 and SNAT4, as our SNAT1 antibody failed to identify a specific band in mouse placental MVMs.
We found a striking specificity in the up-regulation of placental nutrient transporters in response to a HF diet when the protein expression of placental GLUT1 and SNAT2 was markedly increased whereas the expression of GLUT3 and SNAT4 was unaltered. Differential regulation of placental GLUT1 and GLUT3 has been reported previously in response to various perturbations in the mouse. For example, in thioredoxin-1-overexpressing mice placental oxidative stress is reduced, which was shown to be associated with increased protein expression of placental GLUT1 but not GLUT3 (47) . The effect of experimental diabetes in pregnant mice on placental glucose transporter expression is variable in that increased (44) , unaltered (48) , and decreased (49) placental GLUT3 or GLUT1 protein expression has been reported. On the other hand, maternal undernutrition in pregnant mice causes a decrease in the protein expression of GLUT3 but not of GLUT1 in the placenta (50) . Collectively, these data in the mouse suggest that perturbations in the maternal compartment have distinct effects on the regulation of placental glucose transporter isoform expression. With respect to the regulation of placental SNAT isoforms no comparable data are available in the mouse or in the human. Interestingly, preliminary data from our laboratory show that the system A activity and protein expression of SNAT2,but not of SNAT1 or SNAT4 are up-regulated in MVMs isolated from placentas obtained from pregnancies of obese women giving birth to large babies (N. Jansson, personal communication, January 18, 2008) . Thus, with respect to the effect on placental nutrient transporter isoforms, there appear to be distinct similarities between HF-fed mice and obese pregnant women.
The factors linking a maternal HF diet and increased adiposity to up-regulation of SNAT 2 and GLUT 1 protein expression in the placental barrier remain to be elucidated; however, maternal metabolic hormones are likely candidates (51, 52) . For example, leptin has been shown to stimulate system A amino acid transport activity in isolated term placental villous fragments (21) , and it is possible that the increased circulating maternal leptin levels in the HF-fed dams represent one mechanism for increasing placental nutrient transport. Adiponectin is thought to be anti-inflammatory and increases the sensitivity of tissues to insulin, and lower levels may lead to insulin resistance (53) . However, in studies of placental tissue, adiponectin appears to be proinflammatory (54) , stimulating the release of proinflammatory cytokines. Very little is known regarding the regulation of placental nutrient transport by adiponectin. However, infusion of adiponectin to pregnant rats has been reported to decrease the mRNA expression of glucose transporter GLUT3 and lipoprotein lipase in the placenta (55) . Therefore, the reduced levels of maternal serum adiponectin in our model may lead to increased placental nutrient transport.
It is of interest to compare our model of overnutrition in pregnant mice with a recently published elegant study in which the effect of an obesogenic diet (16% fat and 33% sugar), given to female mice before mating and throughout pregnancy and lactation, on offspring metabolism and cardiovascular function was studied at 3 and 6 months of age (39) . In this model, the caloric intake was significantly greater, abdominal fat mass was 4-fold higher, and leptin and insulin levels were increased at E18 in dams fed the obesogenic diet compared with control dams. The composition of the diets providing the overnutrition in these two studies is likely to explain the differences in metabolic outcome in the dams. Of note, however, fetal overgrowth was not reported in the mouse model of Samuelsson et al. (39) but led to increased offspring weight at 5 wk of age.
Our novel mouse model offers the potential for further studies into the effects of maternal HF diet and increased adiposity on placental function, fetal growth, and metabolic and cardiovascular function in the offspring. We suggest that this model will be particularly valuable to further elucidate the mechanisms underlying fetal overgrowth, which is the characteristic outcome in overweight and obese women, and test interventions targeting these mechanisms. Future studies of mice fed an obesogenic diet, which results in increased intake of fat, carbohydrates, and total energy as well as maternal obesity (39) , will provide additional information on the maternal factors that determine placental nutrient transport function and fetal growth. Furthermore, to determine whether the marked effects of the HF diet on placental transport functions and fetal growth in the current study are specific to the inbred strain used, it will be interesting to perform similar studies in an outbred strain of mice. Successful strategies to alleviate fetal overgrowth in women with increased BMI have the potential to reduce the numbers of children susceptible to the development of obesity and the metabolic syndrome in childhood and later life.
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